Abstract: Bone morphogenetic protein (BMP) signalling regulates lymphopoiesis in bone marrow and thymus via the interaction of haemato-lymphoid progenitors with the stroma microenvironment. Despite increasing functional evidence for the role of BMP signalling in lymphopoiesis, little is known of the spatial distribution of BMP/BMP antagonists in the thymus and of how BMP signals exert specific functions in developing lymphocytes. We analysed expression of BMP/BMP antagonists in the thymus and bone marrow and determined the topology of BMP/BMP antagonist expression using lacZ reporter mice. Bmp4, Bmp7, Gremlin and Twisted gastrulation (Twsg1) are all expressed in the thymus and expression was clearly different for each gene investigated. Expression was seen both in cortical and medullary regions suggesting that BMP signals regulate all stages of T-cell development. Two genes in particular, Bmp7 and Twsg1, were dynamically expressed in developing T and B lymphocytes. Their conditional ablation in all haematopoietic cells surprisingly did not affect the steady state of B-cell and T-cell development. This indicates that both lymphoid cell-derived BMP7 and TWSG1 are dispensable for normal lymphopoiesis and that bone-marrow stroma-derived TWSG1 is responsible for the lymphoid defects observed in Twsg1 null mice. In summary our data demonstrate a complex network of lymphoid and stroma derived BMP signals involved in the orchestration of lymphopoiesis in both bone marrow and thymus. and that bone-marrow stroma derived TWSG1 is responsible for the lymphoid defects observed in Twsg1 null mice. In summary our data demonstrate a complex network of lymphoid and stroma derived Bmp signals involved in the orchestration of lymphopoiesis in both bone marrow and thymus.
Introduction
Both T-and B-lymphocytes originate from a common lymphoid precursor but their development requires distinct microenvironments. B-lymphocytes develop in the bone marrow whereas T-cells mature in the thymus. It is well established that reciprocal interactions between developing lymphocytes and stroma cells from the respective organs are key to their successful maturation 1, 2 . Several growth and differentiation factors have been identified in stromal cells that are instrumental for supporting T-cell and B-cell development 3, 4 . However, less is known about signals that originate from the developing lymphocytes to reciprocally support stromal cell function 5 .
Embryonic development and adult homeostasis of most tissues are orchestrated to a large degree by only a few families of conserved signaling factors: the Hedgehog (Hh)-, Notch-, Wnt/ß-catenin-, Tumor-Growth-Factor (TGF)/Bone Morphogenetic Protein (BMP)-, and Fibroblast Growth Factor (FGF) families. All these signaling pathways are also important for the development of the lymphoid organs and lymphocytes themselves [6] [7] [8] [9] .
Bmps, which belong to the TGFβ superfamily, are evolutionary highly conserved molecules and can be separated into two subgroups. Bmp2 and Bmp4 are orthologues of Drosophila Decapentaplegic (Dpp), whereas Bmp5, Bmp6, and Bmp7 belong to the Glass-bottom-boat (Gbb) subgroup. The name Bmp originates from the molecule's ability to induce ectopic bone formation 10 . Bmps are secreted signaling molecules and, contrary to their name, have critical functions in many different biological processes outside of bone formation. They are involved in many aspects of embryonic development 11, 12 , homeostasis and repair of various tissues 13 including the hematopoietic system 14, 15 .
Bmps signal via specific heterodimeric Bmp receptors consisting of a type I receptor (Alk1, Alk2, Alk3, Alk6) and a type II receptor (BmpRII, ActRII, ActRIIB) subunit.
Receptor engagement leads to the phosphorylation of a type I receptor by a type II receptor, which in turn facilitates the activation of either the BMP-specific Smad1/5/8 signaling pathway 16 or non-specific signal transduction pathways such as MAPK/PI3K/Akt 17 . In Smad-dependent signaling, Smad1/5/8 are phosphorylated and translocated together with the co-Smad Smad4 to the nucleus to exert their cellular effects 18 .
Receptor engagement by Bmps is highly regulated in the extracellular space by secreted Bmp antagonists such as Gremlin, Noggin, Chordin, and Twisted Gastrulation (TWSG1) that bind Bmps with high affinity and thus prevent receptor engagement 19 . The binding affinities of the various Bmps to antagonists as well as receptors differ 20 . Thus, the various Bmps and Bmp antagonists are not simply redundant but are required for the precise spatiotemporal regulation of Bmp signaling.
By controlling Bmp expression as well as exploiting the different binding affinities to receptors and antagonists 20 , a precise spatio-temporal regulation of Bmp signals is possible. Because of this complexity, the precise contribution of these different Bmp signals to complex biological processes is still poorly understood.
Bmp signaling plays a prominent role during hematopoiesis: it modulates the developmental program of human hematopoietic stem cells (HSC) 14, 15 and controls the size and number of the HSC niches 21 . Deregulation of Smad molecules affects normal hematopoietic growth and leads to neoplastic hematopoiesis 22 .
Bmp signals also regulate thymopoiesis 6, 23, 24 and the development of thymocytes themselves [25] [26] [27] [28] . Thymocyte development requires reciprocal interactions between thymic stroma and developing thymocytes 29 . Similarly, B-cell development requires reciprocal interactions between developing B-lymphocytes and bone marrow stroma 5 .
Previous studies have shown that thymic stroma derived Bmp2/4 inhibits T cell development [25] [26] [27] . Thymocytes can modulate the effect of Bmp2/4 by expressing the evolutionarily conserved Bmp modifier Twsg1 in a TCR-dependent manner 26, 30 .
Known target genes of Smad-dependent signaling are the inhibitor of differentiation (Id) gene family 31 . Id proteins are important regulators of lymphocyte development 32 lending further evidence for an important role of Bmp signals in coordinating lymphocyte development.
In this study, we have mapped the site of expression for several Bmp and Bmp antagonists in the mouse thymus, as well as in subsets of developing T-and Blymphocytes and examined the effects of conditional ablation of these two molecules in developing lymphocytes. 
MATERIALS AND METHODS

Mice
Statistical Analysis
Student's t-test was used for statistical analysis. Results with a P value of less than 0.05 were considered significant.
RESULTS
Multiple components of the Bmp signaling pathway are expressed in primary hematopoietic organs
To be able to address the potential role of Bmp signaling for lymphopoeisis we first assessed the expression of various Bmp and Bmp antagonists in primary lymphoid organs. RT-PCR analysis showed that Bmp2, Bmp4, Bmp5, Bmp6, and Bmp7 were all expressed in bone marrow whereas Bmp6 expression was not detectable in adult thymocytes. cDNAs from lung and kidney were used as positive controls for the PCR ( Fig 1A) . Similarly, expression of several Bmp antagonists was found both in thymus and bone marrow, namely Gremlin, Twsg1, and Chordin. Noggin expression was restricted to the bone marrow and was not detected in the thymus and (Fig. 1A ). The
analysis of FACS purified thymocyte sub-populations by RT-PCR revealed that both
Bmp7 and Twsg1 were expressed in all thymocyte subsets investigated, with somewhat stronger expression in the DN fractions. To confirm these findings we also used lacZ reporter mice to assess gene expression in thymocyte subsets by flow cytometry. We detected expression of Twsg1 in DN, DP, CD4 and CD8 thymocyte subsets with the relative highest signal in the DN cell compartment (Fig. 1C) . FDGbased expression analysis, however, proved not to be sensitive enough to detect Bmp7 expression in the T cell compartment (Fig. 1D ). As expected no expression could be detected for Bmp4 and Gremlin (not shown).
The expression of Bmp/Bmp antagonists also in thymocytes suggests that Bmp signaling might be actively regulating thymopoiesis.
Compartmentalisation of Bmp/BMP antagonist expression in the adult thymus
To reveal the spatial distribution of the various Bmp/Bmp antagonists within the adult thymus we analyzed lacZ reporter mice for Bmp4, Bmp7, Gremlin, and Twsg1.
Double staining was performed for LacZ and DEC-205 (CD205) or cytokeratin 8
(CK8) to distinguish between thymic cortex and medulla respectively (Fig. 2) . The topology of expression was clearly different for every gene and was typically seen both in the medulla and the cortex. A more systematic analysis of lacZ expression in relation to cell surface markers was performed, which is summarized in Fig. 3 and 4.
Bmp4 was mainly expressed in the vessels of the cortical region as well as in the subcapsular region of the thymus ( (Fig. 3A, B ) but was observed in dendritic cells and cortical thymic epithelial cells (Fig. 3C, D) . Bmp7 was expressed both in the cortex and in the medulla. Expression was seen in some CD25 + cells (Fig. 3F) but not in CD3 + T cells (Fig. 3E) , Furthermore, some dendritic cells and some CK8 + cortical thymic epithelial cells expressed Bmp7 (Fig. 3G, H) . Twsg1 is abundantly expressed in both cortex and medulla of the adult thymus. It is seen in a few CD3 + cells in the medulla (Fig. 4A ) as well as in CD25 + progenitor cells in the cortex (Fig. 4B ).
Dendritic cells and cortical thymic epithelial cells (Fig. 4C-D ) also express Twsg1.
Gremlin is also expressed in the cortex and medulla of the adult thymus. Expression was observed in dendritic cells and few cortical thymic epithelial cells, but not in T cells or their progenitors (Fig. 4E-F) .
Bmp/Bmp antagonist expression in the bone marrow
To complement the expression data in thymocytes we performed flow cytometrybased lacZ-expression analysis also on isolated bone marrow cells. We used Ly6C and CD31 to distinguish blast-like cells, lymphoid cells, myeloid cells, erythrocytes, granulocytes, and monocytes 39 . Bone marrow cells from Bmp7-lacZ mice showed weak FDG staining in a subset of lymphoid cells (Fig. 5B) . No significant expression of Bmp4 was observed (Fig. 5A) . Twsg1 expression was detected in nearly all subsets with highest expression in lymphoid cells, monocytes, and granulocytes (Fig. 5C ).
Gremlin expression was detected in erythroid cells, granulocytes, and monocytes.
Expression in cells of lymphoid origin varied and was not significant (Fig. 5D) . Thus, the expression of various Bmp/Bmp antagonists in different hematopoietic cell subsets strongly suggests that Bmp signaling plays an active role in hematopoiesis.
A more detailed analysis on expression in various B-cell subsets revealed as expected no expression for Bmp4 but also no clear expression for Bmp7. In contrast, expression of Twsg1 was dynamic, with peak expression seen in pro B-cells. Some Twsg1 expression was also visible in the pre-pro subset and mature B-cells (Fig. 5B ). The expression of Gremlin was quite variable and significant expression was only observed in mature B-cells (Fig. 5B ). Absence of Bmp7 did not result in any apparent defects of thymocyte subsets.
Steady state lymphopoiesis is unperturbed in Bmp7
Similarly, analysis of BM cells revealed unperturbed populations of blast cells, erythroid cells, granulocytes, lymphocytes, monocytes and myeloid cells (Fig. S1 ).
Taken together, the results obtained by a lineage specific deletion of Bmp7 and by the transplantation of fetal Bmp7-null progenitors reveals that Bmp7 secretion from any hematopoietic subset is dispensable for lymphopoiesis per se.
Steady state lymphopoiesis is unperturbed in Twsg1 fl/KO vav::iCre mice
Twsg1, similar to Bmp7, is expressed both by thymocytes and by thymic stroma cells.
In vitro analyses have shown that Twsg1 regulates thymocyte development at the DN and DN to DP transitional stage 26, 27 . As Twsg1-deficient mice display defects in lymphopoiesis 41 we sought to determine whether these defects are due to lack of Twsg1 in the lymphoycte precursor cells or the respective stroma cells. For this we generated mice lacking Twsg1 in all hematopoietic cells (Twsg1cKO) by crossing a conditional Twsg1 fl/fl allele 37 to the vav::iCre deleter line 40 . Twsg1cKO animals appeared normal and remained healthy for up to 10-12 months. Analysis of thymocyte subsets from 4-6 weeks old Twsg1cKO or control mice by flow cytometry revealed that absence of Twsg1 in the hematopoietic cell subset did not affect thymocyte development. The DN, DP, as well as CD4 SP and CD8 SP thymocyte subsets were not altered (Fig. 7A ). This indicated that lack of stroma-derived rather than thymocyte-derived Twsg1 is responsible for the lymphoid defects observed in Twsg1-deficient mice 41 . Similarly, analysis of bone marrow cells from 6-8 weeks mice
showed that the relative number of blast-like cells, erythroid cells, granulocytes, lymphocytes, monocytes, and myeloid cells was not altered (Fig. 7B) and Twsg1 were detected. They were expressed in all thymocyte subsets investigated, and for both expression was strongest in DN thymocyte subsets. Twsg1 expression in DN thymocyte subsets had been reported previously 26, 28 . In this report we show
Twsg1 is also expressed in DP, CD4SP, and CD8SP thymocytes. Twsg1 can be induced in DP thymocytes in a TCR-dependent manner 26 , thus its expression might reflect their. Twsg1 was also dynamically expressed in various subsets of developing B-cells. Highest expression was observed in pro B-cells, which like the DN2 thymocyte population is known to require cytokine survival signals, most prominantely IL-7 48, 49 . As Bmp4 can counteract this IL-7-induced proliferation and differentiation 28 , Twsg1 expression in these subsets could serve to overcome a Bmpmediated proliferative block, similarly to its role in regulating the DN to DP transition in thymocytes 26 . Twsg1 was also expressed in all other hematopoietic subsets analyzed indicating a function for Bmp signaling also for their development.
The expression of Bmp7, which was strongest in the DN3/DN4 thymocyte subsets, could not be confirmed in thymocytes or bone marrow cells using the Bmp7-lacZ reporter mouse 34 . Possible explanations for this might be low expression and/or insufficient sensitivity of the lacZ reporter line caused by the incidental disruption of a lymphocyte specific enhancer when inserting the lacZ gene into the Bmp7 locus or alternatively, by the silencing of promoter structures instigated by the presence of the lacZ gene.
In the BM Bmp signaling has mainly been associated with a role in regulating the stem cell-niche synapse 50 . The expression of Bmp7, Twsg1, and Gremlin in developing hematopoietic cells would therefore suggest that Bmp signaling regulates the maturation of all hematopoietic cell lineages. This might be direct by regulating their development or indirect by providing signals to their niche or to the close cellular environment.
In the thymus developing lymphocytes need to interact with thymic stroma cells for a functional organ to develop 29 . Thus, the necessity for reciprocal crosstalk is well established in this organ. Thymic epithelial cells are constantly regenerated from a pool of stem/progenitor cells in the adult thymus making the thymus a much more dynamic structure than previously assumed 51 . It has been shown that Bmp signals maintain the expression of the critical FoxN1 gene in embryonic thymic stroma 47 .
Currently, it is not known whether in the adult thymus FoxN1 expression is also 
